1. Introduction {#s0005}
===============

Epilepsy of the temporal lobe is common and often leads to persistent, medically-intractable seizures that are not well-controlled by pharmacotherapy with anti-epileptic drugs ([@b0280]). The epileptogenic source in many temporal lobe epilepsy cases is the mesial temporal lobe, particularly the hippocampus, and mesial temporal lobe epilepsy (MTLE) is considered the most common form of refractory epilepsy in humans ([@b0070], [@b0280]). Progressive sclerosis and scarring of the hippocampus results in greater resistance to treatment over time ([@b0180]) and the development of mesial temporal sclerosis (MTS). Under-treated MTS eventually leads to contralateral seizure onset and bilateral pathology ([@b0045]), at which point the patient is no longer a candidate for surgery -- the most effective treatment option ([@b0310]). Preventing disease progression is the goal of medication and surgical intervention, though most patients present to epilepsy centers only after unilateral MTLE is clearly measured by current methods ([@b0015]), generally precluding very early treatment (i.e. before onset of sclerosis) that could possibly change the course of the disease.

While early pharmacological interventions could yield positive outcomes, early symptoms (e.g., olfactory aura, acute bouts of anxiety, déjà vu) ([@b0030], [@b0040]) seem relatively benign and patients rarely present to epilepsy centers in the early stages of the disease ([@b0060], [@b0075]). Accordingly, with delayed presentation to the clinic, MTLE is one of the most pharmacologically refractory epilepsies; however, it is also one of the epilepsies most effectively treated through surgery ([@b0065], [@b0305]). Studies repeatedly find hippocampal resection to result in seizure-free outcomes in 65% of patients ([@b0080], [@b0310]) and surgical groups also experience significantly greater quality-of-life than subjects receiving only anti-epileptic drugs ([@b0255]). Importantly, earlier use of surgical intervention for MTLE improves outcomes ([@b0075], [@b0305]). Despite the positive outcomes of surgery, use of surgical intervention can be limited by the use of traditional imaging biomarkers (based on structural MRI) that often do not confirm disease presence ([@b0055], [@b0175]) and thus engender reluctance to perform surgery on what appears to be normal tissue. As a result, interest is high in identifying and developing new imaging biomarkers for MTLE that may provide more accurate diagnosis and potentially enable earlier detection of abnormal tissue. Previous studies have employed diffusion MRI ([@b0290]), quantitative T~1~ and T~2~ relaxometry ([@b0020], [@b0050], [@b0230]), and functional MRI ([@b0100], [@b0105]), amongst other advanced MRI methods, and have generally found differences in tissue that are asymmetric between the hippocampi. Methods to better identify degraded or degrading tissue as early as possible are critical in order to deliver more effective pharmacological or surgical interventions to MTLE patients.

In this paper, we propose the mechanical stiffness of the hippocampus, measured noninvasively with magnetic resonance elastography (MRE) ([@b0110], [@b0250]), as a biomarker for MTLE complementary to existing imaging methods. MRE offers a unique neuroimaging contrast potentially useful for characterizing MTLE as viscoelastic mechanical properties reflect how tissue components act and interact when forced, and thus reflect the composition and organization of tissue at the microscale ([@b0260]). Previous studies using MRE to examine neurological disorders have shown that brain mechanical properties are affected by aging and dementia ([@b0010], [@b0115], [@b0120], [@b0135], [@b0245]), and that these parameters are related to the microstructural health of brain tissue ([@b0225], [@b0235], [@b0265]). MRE has also been used in the characterization of intracranial tumors to detect if they are stiff or soft for pre-surgical planning ([@b0130], [@b0240]), which may be relevant for sensing the sclerosis expected to stiffen the hippocampus. We have recently developed high-resolution methodology for reliable, localized MRE measurements of the hippocampus ([@b0160]), and have used it to examine hippocampal-specific memory performance in young and older adults ([@b0125], [@b0270]).

Using our high-resolution MRE protocol, we examined hippocampal stiffness in patients with MTLE. Our overarching hypothesis was that as sclerosis occurs, the affected hippocampus will become stiff and detectable by MRE, potentially due to reactive gliosis. This hypothesis is further motivated by surgical observations of epileptogenic lesions being stiffer than healthy tissue, which has been previously reported through the use of intraoperative ultrasound elastography ([@b0035], [@b0200]). We tested this hypothesis by comparing stiffness of the epileptogenic hippocampus in patients with moderate or severe unilateral MTLE to stiffness of the contralateral hippocampus, and to stiffness of normal hippocampal tissue from a group of healthy comparison participants. We expected that the epileptogenic hippocampus would be stiffer in patients and result in a lateral stiffness asymmetry, which would not be observed in healthy control participants. We further quantified the expected asymmetry via a stiffness ratio and examined how this metric differentiated patient and healthy groups. To our knowledge, this is the first study of MRE characterization of MTLE or any form of human epilepsy.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Fifteen participants with moderate or severe unilateral MTLE were enrolled in the study and completed an MRI imaging session that included MRE and a high-resolution T~1~-weighted acquisition. Each MRI session was completed on a Siemens 3T Trio scanner (Siemens Healthineers; Erlangen, Germany). Clinical inclusion criteria were seizure history consistent with MTLE and positive biomarker findings on one or multiple of EEG (frontotemporal slowing and sharp waves), FLAIR (hyperintensity of mesial structures), T~2~-weighted MRI (loss of internal hippocampal architecture), and/or PET (hypometabolism). Only unilateral MTLE patients were included, with biomarkers clearly present on one side and absent contralaterally. Severity was determined by number of positive biomarker findings: moderate MTLE exhibited one positive biomarker while severe MTLE exhibited multiple positive biomarkers. Seventeen healthy participants with no history of neurological disorder were enrolled as matched comparison participants and completed an identical MRI exam session. Control participants were matched to patients in terms of age (+/- 5 years), education (+/- 2 years), handedness, and sex. The Institutional Review Boards of Carle Foundation Hospital and the University of Illinois at Urbana-Champaign approved the study and all participants provided written, informed consent.

Two patients and three healthy participants were excluded due to MRE scans with signal-to-noise ratio too low for acceptance ([@b0220]). One patient and one healthy participant were excluded as outliers due to ratio of hippocampal stiffness (see below). The final patient group included twelve participants (2/10 M/F; 26-61 years; mean age = 45.8 years) and the final healthy group included thirteen participants (1/12 M/F; 20-60 years; mean age = 34.0 years). Of the twelve patients, ten were identified as having left MTLE and two had right MTLE. [Table 1](#t0005){ref-type="table"} lists age, sex, and severity and lateralization of all MTLE patients included in this study.Table 1List of patients with MTLE included in this study.Age \[yrs\]SexSeverityLateralization26FModerateRight29FSevereLeft32MModerateLeft40FSevereLeft41FSevereLeft46FModerateLeft50MModerateLeft53FModerateLeft56FModerateLeft58FModerateLeft58FSevereLeft61FModerateRight

2.2. Hippocampal volume {#s0020}
-----------------------

We acquired high-resolution, T~1~-weighted anatomical images using an MPRAGE sequence (magnetization prepared, rapidly acquired gradient echo). Imaging parameters included: 1900/900/2.32 ms repetition/inversion/echo times; 0.9x0.9x0.9 mm^3^ resolution. Left and right hippocampi were segmented automatically from the T~1~-weighted images with FreeSurfer 6.0 ([@b0085]). All segmentations were visually inspected for accuracy and manual corrections were made when necessary. Volumes of left and right hippocampi were extracted from the segmented data.

2.3. Hippocampal stiffness {#s0025}
--------------------------

We acquired MRE displacement data using a 3D multislab, multishot spiral sequence ([@b0155]). Imaging parameters included: 2 in-plane, constant density spiral shots (*R* = 2) ([@b0095]); 1800/73 ms repetition/echo times; 240 mm field-of-view; 150 × 150 matrix; 60 slices at 1.6 mm thickness; 1.6 × 1.6 × 1.6 mm^3^ final imaging resolution. Image reconstruction was performed with an iterative algorithm that incorporated field inhomogeneity correction and motion-induced phase error correction ([@b0155], [@b0285]). The sequence was synchronized to applied 50 Hz vibrations delivered to the head using a pneumatic actuator with a soft pillow driver (Resoundant, Inc.; Rochester, MN). Complex, full vector shear wave motion was captured throughout the brain in approximately 12 min.

A nonlinear inversion (NLI) algorithm estimated mechanical properties in the brain from acquired MRE displacement data ([@b0215]). NLI returns maps of the complex shear modulus, *G* = *G′*+*iG″*, where *G'* is the storage modulus and *G''* is the loss modulus. From these parameters, we compute the shear stiffness, *μ* = *2\|G*\|^2^/(\|*G*\|+*G′*) ([@b0195]), and the damping ratio, *ξ* = *G″*/2*G′* ([@b0210]). Soft prior regularization (SPR) was applied in the NLI formulation ([@b0205]) to improve stability of the hippocampal property estimation through incorporation of spatial priors. We have previously demonstrated that SPR improves reliability of hippocampal MRE measures and have suggested this is due to reducing effects of neighboring tissues and cerebrospinal fluid, thus minimizing any partial volume effects on the property estimates ([@b0160]). Subject-specific masks of left and right hippocampi were created by registering hippocampal volumes segmented from T~1~-weighted images (see above) to the native MRE space using FLIRT in FSL ([@b0150], [@b0145]) for incorporation into the NLI routine.

2.4. Analysis {#s0030}
-------------

We compared stiffness measures between hippocampi ipsilateral and contralateral to epileptogenesis in MTLE patients. We also compared hippocampal stiffness measures between MTLE and healthy groups, including stiffness of the hippocampi both ipsilateral and contralateral to epileptogenesis, bilateral hippocampal stiffness, and the ratio of ipsilateral to contralateral hippocampal stiffness. In healthy participants, left was assigned as ipsilateral and right as contralateral for comparison between groups. We calculated the same outcomes for hippocampal volume. Statistical outliers were determined based on the median absolute deviation (MAD) and excluded if the stiffness ratio was beyond the conservative estimate of three times the MAD ([@b0185]). Data from one MTLE patient and one healthy control were excluded as outliers in this analysis, as described above. We further examined a subset of participants with only left MTLE (n = 10) and excluding right MTLE (n = 2), as our sample was unbalanced and previous neuroimaging studies have indicated different patterns of neurological damage based on lateralization ([@b0005], [@b0025], [@b0170]).

Paired *t*-tests compared hippocampal measures within patients. Analysis of variance (ANOVA) tested differences in hippocampal measures between groups. Effect size was calculated as Cohen's *d* and significance was determined at *p* \< 0.025 (with Bonferroni correction for multiple comparisons). Receiver operating characteristic (ROC) curves were constructed to evaluate performance of stiffness ratio and volume ratio in classifying MTLE patients vs. controls, and performance was quantified by area under the curve (AUC). Stepwise logistic regression evaluated improvement in classifier performance by including stiffness ratio in addition to volume ratio. ROC and AUC were calculated for the combined classifier, with significance determined at *p* \< 0.05. Analyses were performed in Matlab (Mathworks; Natick, MA) and SPSS version 26 (IBM; Armonk, NY).

3. Results {#s0035}
==========

Descriptive statistics for the hippocampal stiffness measures (ipsilateral, contralateral, bilateral, and ratio) for both MTLE and control groups are reported in [Table 2](#t0010){ref-type="table"}. The ipsilateral hippocampus was significantly stiffer than the contralateral hippocampus in MTLE patients (*d* = 0.96; *p* = 0.007), though not in the healthy control group (*d* = -0.12; *p* = 0.666). This result is illustrated in [Fig. 1](#f0005){ref-type="fig"}, which presents representative data from an MTLE patient exhibiting a stiffer hippocampus on the left (epileptogenic) side compared to the right (non-epileptogenic) side. [Table 2](#t0010){ref-type="table"} also includes effect sizes and *p*-values describing differences between groups. We did not observe any statistically significant differences between groups in unilateral or bilateral hippocampal stiffness. However, the ratio of hippocampal stiffness was significantly different between groups, such that stiffness of the hippocampus ipsilateral to epileptogenesis was stiffer than the contralateral side in MTLE (*d* = 0.97; *p* = 0.024). Additional MRE measures -- damping ratio, ξ, storage modulus, *G'*, and loss modulus, *G''* -- are included as [Tables S1-3 in Supplemental Information](#s0070){ref-type="sec"}.Table 2Comparison of hippocampal stiffness and volume in MTLE (n = 12) vs. healthy (n = 13) groups. \* indicates significance at the *p* \< 0.025 level.MTLEHealthyCohen's *dp*-valueAge \[yrs\]: mean (range)45.8 (26-61)34.0 (20-60)Sex (M/F)2/101/12Hippocampal Stiffness MeasuresIpsilateral HC \[kPa\]3.13 ± 0.443.02 ± 0.530.230.570Contralateral HC \[kPa\]2.83 ± 0.303.07 ± 0.54-0.550.184Bilateral HC \[kPa\]2.95 ± 0.313.05 ± 0.48-0.240.555HC Ratio (ipsi./contra.)1.11 ± 0.110.99 ± 0.130.960.024\*Hippocampal Volume MeasuresIpsilateral HC \[cm^3^\]3.66 ± 0.714.29 ± 0.27-1.200.007\*Contralateral HC \[cm^3^\]4.33 ± 0.504.41 ± 0.23-0.230.573Bilateral HC \[cm^3^\]7.99 ± 0.988.71 ± 0.46-0.950.027HC Ratio (ipsi./contra.)0.85 ± 0.150.97 ± 0.04-1.100.011\*Fig. 1Representative data from (top) an MTLE patient (46 yo, female, left moderate MTLE) and (bottom) a healthy control participant (43 yo, female). (A,B) FLAIR image showing hyperintensity in left hippocampus in MTLE; (C,D) T1-weighted anatomical image used for segmentation of hippocampi, which are outlined; and (E,F) MRE stiffness map showing higher stiffness in left hippocampus in MTLE. Images are in radiological convention and are chosen to show approximately the same position on the anterior-posterior axis of the hippocampus.

[Table 2](#t0010){ref-type="table"} also summarizes measures of hippocampal volume -- a known biomarker for MTLE -- and analyses with hippocampal volume produced similar trends as observed in stiffness. The ipsilateral hippocampus was significantly smaller than the contralateral hippocampus in MTLE patients (*d* = -0.91; *p* = 0.009). Compared to healthy participants, MTLE patients exhibited smaller ipsilateral hippocampal volume and a smaller ratio of ipsilateral-to-hippocampal volume (*d* = -1.10; *p* = 0.011).

We performed a similar analysis that only included patients with left MTLE (n = 10). [Fig. 2](#f0010){ref-type="fig"} compares left MTLE and healthy groups in both hippocampal stiffness ratio and hippocampal volume ratio. Both ratio measures were significantly different between groups. Specifically, the ipsilateral hippocampus was stiffer (*d* = 1.35; *p* = 0.004) and smaller (*d* = -1.31; *p* = 0.005) in left MTLE compared to healthy participants. Interestingly, the two right MTLE patients had the lowest stiffness ratios (0.90 and 0.98) in the patient group, and the only two ratios below 1.0.Fig. 2Comparison of MTLE and healthy participants by (A) hippocampal stiffness ratio and (B) hippocampal volume ratio. MTLE significantly differed from controls in each measure exhibiting higher stiffness and lower volume in hippocampi ipsilateral to epileptogenesis. Only left MTLE were included (n = 10) for comparison with controls (n = 13). \* indicates significance at the *p* \< 0.025 level.

[Table 3](#t0015){ref-type="table"} presents descriptive statistics for hippocampal stiffness and volume ratios for the left MTLE and healthy comparison groups, as well as outcome of ANOVAs when including participant age as a covariate. Age was not a significant factor for either stiffness ratio or volume ratio, and, since these measures are internally referenced for each subject, we did not include participant age in our primary analyses. However, since our final MTLE and healthy groups had differing age distributions, we included the outcomes of tests with age as covariate for completeness. Both stiffness ratio (*p* = 0.038) and volume ratio (*p* = 0.015) remained significantly different between groups when accounting for age.Table 3Comparison of hippocampal stiffness ratio and volume ratio in left MTLE (n = 10) vs. healthy (n = 13) groups. Statistical tests from ANOVA without and with participant age as a co-variate. \* indicates significance at the *p* \< 0.05 level.MTLEControlCohen's *dp*-value*p* (w/age)HC Stiffness Ratio1.14 ± 0.090.99 ± 0.131.350.004\*0.038\*HC Volume Ratio0.83 ± 0.160.97 ± 0.04-1.310.005\*0.015\*

Stepwise logistic regression was used to model the predictors to classify left MTLE patients vs. healthy participants. The overall model for classifying the group by both volume ratio and stiffness ratio was significant (χ^2^ = 15.37; *p* \< 0.001; Nagelkerke *R*^2^ = 0.654). Volume ratio was included in the model as the first step (*p* = 0.049) followed by stiffness ratio (*p* = 0.038), indicating that the latter significantly improved model performance in classifying MTLE by offering additional diagnostic information. The two measures, stiffness ratio and volume ratio, were not significantly correlated (*r* = -0.30; *p* = 0.160), and thus it is unlikely partial volume effects strongly affected the MRE results.

[Fig. 3](#f0015){ref-type="fig"} presents ROC curves for stiffness ratio and volume ratio in classifying left MTLE patients vs. healthy participants, as well as for the combined (stiffness and volume ratios) prediction model. Volume ratio had an AUC of 0.75 (95% CI: 0.55-0.95) and stiffness ratio had an AUC of 0.85 (95% CI: 0.67-1.02), while the combined predictor had an AUC of 0.92 (95% CI: 0.79-1.05), and outperformed both individual measures. The overall model correctly classified 80% of MTLE patients (82.6% total accuracy).Fig. 3Receiver operator characteristic (ROC) curves for each of the predictors in classifying left MTLE patients vs. healthy participants: hippocampal volume ratio, hippocampal stiffness ratio, and combined volume and stiffness predictor from logistic regression. Area under the curve (AUC) for each predictor included as a measure of predictive performance, with the combined model having the best performance.

Data for individual participants are included in [Supplemental Information](#s0070){ref-type="sec"}.

4. Discussion {#s0040}
=============

In this work, we demonstrate that hippocampal stiffness measured with MRE is altered in patients with MTLE compared to healthy participants. Specifically, we found that the hippocampus ipsilateral to epileptogenesis is significantly stiffer than the contralateral hippocampus in MTLE patients, and the hippocampal stiffness ratio to be 14% higher in patients relative to healthy participants. This outcome supports our hypothesis that the epileptogenic hippocampus would be stiffer in MTLE due to sclerosis of tissue from seizure activity, and is consistent with previous findings of stiffer epileptogenic lesions observed with intraoperative ultrasound elastography ([@b0035], [@b0200]). Hippocampal sclerosis is marked by cell loss and reactive gliosis, and while it is not precisely known how these factors might affect MRE measures, reactive glial cells have been shown to be stiffer than normal cells ([@b0190]), which would likely increase tissue stiffness. Our comparison of unilateral hippocampal stiffness measures, however, did not reveal significant differences between groups. Stiffness ratio, which is akin to a measure of asymmetry, is potentially more sensitive to group differences between patients and healthy participants because the contralateral hippocampus normalizes the data within an individual. We have previously shown that hippocampal stiffness can vary by more than 10% in healthy, young adults ([@b0160]), and inter-individual differences may obscure group differences in unilateral hippocampal stiffness measures.

However, the stiffness ratio captures not only potential ipsilateral stiffening, but also potential contralateral softening. The contralateral hippocampus trended as softer in patients compared to healthy participants (though the difference was not significant; *d* = -0.55, *p* = 0.184). Contralateral damage to white and gray matter has been previously reported in MTLE ([@b0005], [@b0025], [@b0165], [@b0170], [@b0275]) and is likely caused by spreading of seizure activity from the epileptogenic source ([@b0295]). While volume loss in the contralateral hippocampus is often not reported in MTLE ([@b0050], [@b0165], [@b0275]), MRE may be sensitive to microstructural tissue alterations that occur prior to observable volume changes, such as reorganization of mossy fibers and fiber networks ([@b0300]). Indeed, a previous diffusion MRI study found opposite trends in the diffusivity in ipsilateral and contralateral hippocampi in MTLE ([@b0290]). Further work is needed to identify the specific microstructural underpinnings of both ipsilateral and contralateral hippocampal stiffness in MTLE, likely using pathology samples following surgical resection and animal models of the disease.

We predominantly report and interpret results from a subgroup comprising patients with only left MTLE. This choice was in part practical; our sample was unbalanced with mostly left MTLE (n = 10) and few right MTLE (n = 2) cases, which impacted our ability to account for differences in outcome measures based on seizure lateralization. While the stiffness ratio in the entire group of left and right MTLE patients was still significantly greater than controls (*d* = 0.93; *p* = 0.024), the two patients with right MTLE were the only two subjects with ipsilateral-to-contralateral stiffness ratios less than 1.0. Given the small sample size of right MTLE patients, it is difficult to conclude that right MTLE exhibited different patterns of stiffness between hemispheres relative to left MTLE. However, previous reports describe greater extent of structural brain damage in left MTLE compared to right MTLE ([@b0005], [@b0025], [@b0170]), suggesting the presence of different pathological signatures that warrant separate analyses of the two disease groups. MRE data on a larger sample of right MTLE patients is needed confirm or reject this observation.

The hippocampal stiffness ratio is a potentially useful biomarker for detecting and characterizing MTLE and may provide information consistent with and complementary to other imaging measures. Here, we compare with hippocampal volume, since hippocampal volume loss is a hallmark of MTLE ([@b0140]). We specifically examine the ipsilateral-to-contralateral ratio of hippocampal volume for convenient comparison with the stiffness ratio. This hippocampal volume ratio has been previously demonstrated to improve detection of MTLE ([@b0050]). We find that both the stiffness ratio and volume ratio behave similarly in differentiating patients from healthy participants -- ipsilateral hippocampi are both stiffer and smaller than their contralateral counterparts. Combining both measures improves classification, and the addition of stiffness ratio provides a significant improvement over volume ratio alone. This result suggests that inclusion of MRE may improve diagnostic performance when added to a neuroimaging protocol for MTLE patients.

While MRE measures in this paper appear to be useful in examining MTLE in addition to volume, there have also been many studies using other quantitative MRI contrasts to examine changes in the hippocampus due to MTLE pathology, including from diffusion MRI ([@b0290]), quantitative T~1~ and T~2~ relaxometry ([@b0020], [@b0050], [@b0230]), functional MRI ([@b0100], [@b0105]), and others. It is not yet clear how the information gained from stiffness measured with MRE will agree with or differ from these other measures due to sensitivity to underlying hippocampal tissue microstructure. One previous study of hippocampal stiffness in Alzheimer's disease found that combining this measure with those from diffusion MRI improved diagnostic performance ([@b0090]), while we have previously found that MRE measures revealed a hippocampal structure--function relationship not observed with diffusion MRI in young adults ([@b0270]). These findings suggest MRE is at least complementary to diffusion measures, similar to our finding comparing MRE with volume in this study, likely owing to the unique sensitivity of MRE to how tissue components interact when forced ([@b0260]). A complete analysis with other imaging biomarkers is warranted and will be useful in understanding the impact of MRE in MTLE care.

The primary limitation of this study is the small sample size, and, as such, the results presented here must be considered as preliminary. A larger study with more patients, and a more even distribution of age, sex, and lateralization, is necessary to confirm these findings. An additional limitation was the greater-than-average loss of scans from low signal-to-noise ratio likely due to incorrect positioning of the head on the pillow actuator. While MRE is generally reliable with minimal failures, real-time quality control measures are currently lacking and will be explored in future studies. Additionally, our sample was cross-sectional and included only patients with moderate or severe MTLE confirmed through additional biomarkers; thus, we are not able to infer how hippocampal stiffness would manifest in mild MTLE or change with disease progression. The sensitivity of stiffness to hippocampal pathology in MTLE suggests potential for early detection, which indicates a longitudinal study of individuals with likely MTLE may reveal MRE signatures that support decision-making for early intervention. Lastly, we lack confirmatory pathology from surgically-resected hippocampal tissue in the patient sample. Future studies of MRE in this setting should focus on MTLE at hippocampi sites routinely resected surgically, which would link stiffness outcomes more completely with histopathological results.

5. Conclusion {#s0045}
=============

Hippocampal stiffness measured with MRE in MTLE patients revealed the hippocampus ipsilateral to epileptogenesis is stiffer than its contralateral counterpart, likely due to altered tissue microstructure due to pathology, including reactive gliosis. Stiffness ratio from MRE provides a new imaging biomarker that appears to be sensitive to MTLE and may offer a unique contrast when added to a comprehensive neuroimaging battery due to its sensitivity to how tissue components act and interact when forced, thus potentially allowing for more accurate diagnosis and earlier detection of the disease. Here we show that hippocampal stiffness ratio is complementary to hippocampal volume ratio, an established imaging biomarker for the disease, and future studies comparing it to other quantitative imaging biomarkers will reveal the additional diagnostic information to be gained from this technique.
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